Titanium anodic oxide films were prepared using a constant-potential method in a sodium-tartrate environmentally friendly electrolyte at different concentrations (1, 5, 15, 30 and 50 g L -1 ). The microstructure, elemental composition, and microscopic three-dimensional morphology of the film were analyzed by scanning electron microscopy, energy-dispersive spectrometry, and atomic force microscopy. The polarization curve and electrochemical impedance spectroscopy of the sample at a low potential in 3.5% NaCl solution were studied by using an electrochemical workstation. The effect of the microscopic three-dimensional morphology on the corrosion resistance was discussed. The surface morphology of the oxide film indicates that a uniform and complete oxide film with a lower roughness can be obtained in the 15 g L -1 sodium-tartrate solution concentrations. As the sodiumtartrate electrolyte concentrations increases, the depths of the cracks deepen and the size of the raised bulges increases. The resulting oxide film has a wide passivation region of 0 to 4 V, a maximum polarization resistance, a small passivation-induced current value, and a low corrosion current value of 3.730 × 10 -5 A·cm -2 , and thus, it exhibits an excellent corrosion resistance, and a wide range of potential applications, such as in biological technologies. This work provides a new approach to prepare environmentally friendly, non-polluting titanium anodic oxide films and proposes a novel design to adjust the corrosion resistance performance of the anodized film.
INTRODUCTION
In recent years, titanium and titanium alloys have received extensive attention because of their excellent mechanical and chemical properties, and they have been used widely in aerospace, industrial production and biomedical industries [1, 2] . Previous studies show that the excellent properties of titanium and titanium alloys are related directly to the natural oxide film on its surface [3] . However, the natural oxide film is thin and is easily damaged, which results in a poor corrosion resistance and material wear resistance [4] . Many researchers hope to use a surface-modification technology to generate a denser and a more corrosion-resistant passive film [5] . The most commonly used surfacemodification technology for titanium and titanium alloys is the anodizing process [6, 7] (in a specific electrolyte, an oxide film is formed on the surface of the anode-metal material under external powersupply conditions).
Current electrolyte that is used in the anodizing process is mainly acid-based solution, such as sulfuric, phosphoric or oxalic acid. However, previous work has reported that such electrolytes tend to cause hydrogen embrittlement when titanium and titanium alloys are used, and they affect the environment and the human body adversely [8] . Wang et al. prepared TiO 2 films on a Ti surface with HF electrolytes that are used in anodizing processes and that contain fluoride ions and chromium ions. However, because fluoride and chromium ions are toxic, they can harm the environment and the human body further [9] . Based on this information, it is of great practical value to study a new type of environmentally friendly anodizing process.
Based on the characteristics of low-potential anodic oxide film that have attracted the attention of researchers in recent years [10] , we propose an environmentally friendly, non-polluting, alkaline sodium-tartrate electrolyte. The quality of the titanium anodized film was regulated by the concentration of the electrolyte at a low voltage. Scanning electron microscopy (SEM) and energydispersive spectrometry (EDS) were used to analyze the microstructure and elemental composition. Atomic force microscopy (AFM) was used to analyze the effect of sodium-tartrate electrolyte concentration on the morphology and structure of the anodic oxide film. The change in the Tafel polarization curve and electrochemical impedance spectroscopy curve of the anodic oxidation film was measured by an electrochemical workstation. This work aims to elucidate the mechanism of the effect of the microscopic three-dimensional morphology on corrosion resistance of the anodized layer prepared by sodium-tartaric-acid solution with a low potential, provides a basis for further application of the titanium-oxide film and proposes a novel method of using sodium-tartaric-acid solution concentration to adjust the quality of the anodized film.
EXPERIMENTAL DETAIL

Preparation of titanium anodic oxide films
The substrate material was selected from a TA2 pure titanium plate (Youju Group, Japan) with a uniform grain structure. The specific chemical composition is shown in Table 1 . Fig. 1 . The anode is TA2 pure titanium plate, the cathode is a graphite plate, the area ratio of the cathode to the anode is 2:1 and the distance between the electrodes is 5 cm. The test temperature was 25°C, the oxidation time was 1800 s and the voltage was 10 V. 
Materials characterization and electrochemical measurements
The auxiliary electrode was a platinum electrode, the working electrode was anodized TA2 pure titanium sample, the working area was 1 cm2, the dielectric was 3.5% NaCl solution and the test temperature was room temperature (25°C). For the polarization-curve measurement, the initial potential was set to -4 V, the termination potential was 4 V and the scan speed was 1 mV s -1 . Before the electrochemical impedance spectroscopy measurement, the open potential of the working electrode was measured and the open circuit potential reached stability before the impedance test was performed. The amplitude of the measured sine wave AC excitation signal was ±5 mV and the frequency range was 10 5 -10 -2 Hz. The scanning step was 5°.
RESULTS AND DISCUSSION
Micromorphology
The surface morphologies of the anodized films prepared with different sodium-tartrate electrolyte concentrations (1, 5, 15, 30 and 50 g L -1 ) are shown in Fig. 2 . Under low-magnification conditions, the oxide film surface is cracked and bulges convexly. As the sodium-tartrate concentration increases, the depth of the crack deepens, and the size of the raised bulge increases. When the concentration was increased to 30 and 50 g L -1 , the bulging size increased significantly. The growth of these bulges may result because of different growth rates in different areas of the oxide film. According to the literature [12] , an anodic oxidation film first forms a barrier layer, and when the voltage increases, breakdown occurs and the barrier layer breaks. The outer layer film will be easier to grow on these cracked defective surfaces. As the anodization process continues, the thickness of the oxide film grown at these defects will be thicker than that in other regions. The difference in thickness causes stress inside the oxide film, and the internal stress results in the formation of cracks in the bulge. Figure 3 shows an EDS dot scan of an anodized film formed in a 15 g L -1 sodium tartrate solution, and (b), (c) and (d) correspond to points (1), (2) and (3) in the scan. Figure 3b is a relatively flat, non-bulging area. The energy spectrum analysis results show that the mass percentage of Ti and oxygen is 2:1, and the oxygen content is lower, which indicates that the degree of titanium oxidation is low. The spectrum analysis of the bulge in Figure 3c and 3d shows that the oxygen content increases at this time, and makes the mass percentage of Ti and O approximately 1:1. At the bulge, the anodic oxidation of titanium is even higher. Figure 4 shows the three-dimensional microstructure of anodized film prepared at different concentrations of sodium-tartrate electrolyte. The oxide film shows large undulations, gullies and spherical particles, which indicate that under similar anodizing conditions, the electrolyte characteristics have a significant influence on the oxide-film micromorphology. It is meaningful to study the micromorphology of the oxide film (similar to the anodizing conditions, the phase composition and surface elements are basically the same, with the difference being in the threedimensional film shape, but current literature does not focus on this issue [13] [14] [15] ). . Although the overall morphology was particles, the particle size was extremely uneven, as shown in Fig. 4b . The film obtained at 15 g L -1 has a more uniform granular structure and the particles are smaller, but a small number of holes appear, as shown in Fig. 4c . When the concentration increased to 30 g L -1 (Fig. 4d) , the granular structure on the film surface begins to increase laterally, and only the particle size in the local area is uniform. In Fig.  4e , larger and deeper holes appeared in the layer structure obtained at 50 g L -1 , and the particles also showed a sharp increase in the longitudinal direction.
To show the three-dimensional microscopic morphology of the anodized film layer, the average roughness (Ra) and root-mean-square roughness (Rq) of the film layer are presented in Fig. 5 . The roughness of the anodized film layer decreases gradually with an increase in concentration, reaches the lowest point of 15 g L -1 and then increases with an increase in concentration. , which results in incomplete film growth, and so the roughness is large [16, 17] . When the concentration is increased gradually, the film roughness is reduced because of the complete and uniform growth of the oxide film [18] . As the concentration is increased further, solute ions may accumulate in local areas of the solution. Where the solution ions accumulate, the growth rate of the oxide film is faster than that of the remaining solution [19] , which results in an uneven microstructure (Fig. 4d, 4e) . The surface roughness of the film layer also increases. These results indicate that the surface morphology of the oxide film obtained at 15 g L -1 was fine and uniform, the roughness was low and the film growth was relatively complete. Figure 6 shows the potentiodynamic polarization curves of TA2 pure titanium anodic oxide film prepared at different sodium-tartrate solution concentrations. The relevant corrosion-resistance parameters can be obtained from the curves. The specific values are shown in Table 2 . The polarization curves of the five polarizations are approximately the same, and the main reaction in the cathode layer is the hydrogen-evolution reaction.
Electrochemical properties
From -4 to -1.3 V, five curves overlap. From -1.3 V to E corr (corrosion potential), the current density decreases slowly with an increase in potential, which indicates that the hydrogen-evolution rate decreases gradually [20] . When the potential exceeds E corr , the titanium plate enters the anode region. The E corr to 0 V region is the activation-passivation region. In this region, the current density increases gradually with an increase in potential. For the polarization curve of the film obtained at 1, 5, 30 and 50 g L -1 , the 0-1 V region exists in the passivation region. In this region, the current density remains unchanged, and the current that corresponds to this current density is the Insensitive current (I pass ). The dimensionless blunt current represents the corrosion rate of the passive metal when the anode is protected. A smaller blunt current yields a slower corrosion rate [21] . When the potential exceeds 1 V, the current density starts to increase slightly with an increase in potential, that is, the membrane begins to dissolve and enters the passivation zone [22] . The polarization curve of the film obtained at 15 g L -1
showed a wide passivation zone (0 to 4 V) and no passivation zone appeared, which indicates that a pure titanium matrix offers better protection than the anodized film layer that was prepared at 15 g L -1 . Figure 6 . Potentiodynamic polarization plots of the anodic titanium-oxide film formed at different sodium-tartrate concentrations in 3.5 wt% NaCl solution. indicates that the corrosion is less prone than the other three curves; however, the corrosion current value of the two curves is higher than the other three curves, which indicates that the corrosion rate is faster in these two curves. The polarization curves of the film obtained at 1, 15 and 30 g L -1 have comparable corrosion potentials and corrosion current values. The above analysis shows that the polarization curve of the film obtained at 15 g L -1 has a wider passivation zone, a slower corrosion rate and therefore the best corrosion resistance. Figure 7 shows the Nyquist curves of titanium anodized film prepared at different sodiumtartrate solution concentrations. All five curves are incomplete arcs, which indicates that the passivation film has a capacitive load [23] . has a better corrosion resistance. This result is consistent with the analysis results of the polarization curve. Figure 8 shows the Bode amplitude and Bode phase diagrams of the TA2 pure titanium anodic oxidation film prepared at different sodium-tartrate solution concentrations. The curves in Fig. 8a for all curves in the high-frequency region are related to solution resistance [24] . The impedance and frequency in the low to mid frequencies (10 -2 to 10 4 Hz) exhibit a straight line with a slope of approximately -1, which indicates that the film has a capacitive load [25] . The resistance of the 15 g L -1 concentration curve is slightly higher than that of the remaining four, which indicates that it has better corrosion resistance, which is consistent with the analysis result of the previous Nyquist plot. Figure 8b shows the Bode phase [26] [27] [28] Figure 8b shows that the curve that corresponds to 15 g L -1 has the largest phase angle value in the middle frequency region and the curve has a larger frequency span, which indicates that it has the best protective effect on the titanium substrate [29] . The bilayer membrane structure that is generated on the titanium surface is related (inner and outer membranes) [30] . The time constant that appears in the high-frequency region is related to the formation of the outer porous film. The low-frequency time constant is related to the formation of a dense inner film. Based on this result, the experimental results were fitted using ZSimpWin software [31] . The equivalent circuit was used in the fitting process to study the impedance of the passive film. The equivalent circuit is shown in Fig. 9 . The corresponding 5 g L -1 film layer is fitted with the equivalent circuit diagram 6b, and the other corresponding film layers are fitted with the equivalent circuit diagram (Fig. 9a) . In the equivalent circuit diagram, RS represents the solution resistance, Qp and Rp represent the equivalent capacitance and resistance of the outer porous membrane, respectively, and Qb and Rb represent the equivalent capacitance and resistance of the dense inner membrane, respectively. The value of the corresponding equivalent circuit can be obtained through ZSimpWin software analysis, as shown in Table 3 . Table 3 shows the error between the fitted and experimental values. The value of χ2 is very small (~10 -4 ), which indicates that the choice of equivalent circuit model is correct. The value of R S did not change much for the film obtained at different concentrations. The total R p and R b of the film obtained at 15 g L -1 are much greater than those at the remaining concentrations, which indicates that the film obtained at 15 g L -1 has the best corrosion resistance.
CONCLUSIONS
In this work, titanium anodic oxide films were prepared using a constant-potential method in a sodium-tartrate environmentally friendly electrolyte at different concentrations (1, 5, 15, 30 and 50 g L -1 ). The new environmental anodizing process of sodium tartrate can enhance the titanium corrosion resistance. Polarization-curve study results show that the TA2 pure titanium anodic oxidation film obtained at 15 g L -1 has a wider passivation zone, a smaller induced blunt current value and corrosion current value, which indicates that the film layer has a better protective effect on the titanium matrix. Electrochemical impedance spectroscopy test results show that the titanium anodic oxide film obtained at 15 g L -1 has the largest polarization resistance value, which indicates that it has the best corrosion resistance. This work provides a new approach to prepare environmentally friendly anodized film with a fine and uniform structure, low roughness, complete film growth and better corrosion resistance.
